Reconstituting regulation of the canonical Wnt pathway by engineering a minimal β-catenin destruction machine by Pronobis, Mira I. et al.
Volume 28 January 1, 2017 41 
MBoC | ARTICLE
Reconstituting regulation of the canonical Wnt 
pathway by engineering a minimal β-catenin 
destruction machine
ABSTRACT Negatively regulating key signaling pathways is critical to development and al-
tered in cancer. Wnt signaling is kept off by the destruction complex, which is assembled 
around the tumor suppressors APC and Axin and targets β-catenin for destruction. Axin and 
APC are large proteins with many domains and motifs that bind other partners. We hypoth-
esized that if we identified the essential regions required for APC:Axin cooperative function 
and used these data to design a minimal β-catenin-destruction machine, we would gain new 
insights into the core mechanisms of destruction complex function. We identified five key 
domains/motifs in APC or Axin that are essential for their function in reconstituting Wnt 
regulation. Strikingly, however, certain APC and Axin mutants that are nonfunctional on their 
own can complement one another in reducing β-catenin, revealing that the APC:Axin com-
plex is a highly robust machine. We used these insights to design a minimal β-catenin-
destruction machine, revealing that a minimized chimeric protein covalently linking the five 
essential regions of APC and Axin reconstitutes destruction complex internal structure, size, 
and dynamics, restoring efficient β-catenin destruction in colorectal tumor cells. On the basis 
of our data, we propose a new model of the mechanistic function of the destruction complex 
as an integrated machine.
INTRODUCTION
The canonical Wnt pathway is one of the most-studied signaling 
pathways in animal cells. Its key roles during development and in 
diseases such as cancer underline the importance of fully under-
standing Wnt signaling regulation (Cadigan and Peifer, 2009; 
Clevers and Nusse, 2012; Kandoth et al., 2013). Cells evolved mech-
anisms to keep powerful signaling pathways like this in an off state in 
the absence of ligand. Two key negative regulators of Wnt signaling, 
Adenomatous polyposis coli (APC) and Axin, are each critical for 
embryonic development and also act as important tumor suppres-
sors in the colon and other tissues (web.stanford.edu/group/nusselab/
cgi-bin/wnt/). Eighty percent of sporadic colorectal cancers begin 
with mutations in APC (Kandoth et al., 2013), and mutations in Axin 
are found in hepatocellular carcinomas, ovarian cancer, and adeno-
carcinoma (Satoh et al., 2000; Salahshor and Woodgett, 2005).
Canonical Wnt signaling culminates by regulating intracellular 
levels of the transcriptional coactivator β-catenin (βcat; Clevers and 
Nusse, 2012). APC and Axin, together with two kinases, GSK3 and 
CK1, are core components of the βcat destruction complex (Stamos 
and Weis, 2013), which constitutively phosphorylates βcat. This cre-
ates a binding site for the SCFβTrCP E3-ligase, which ubiquitinates 
βcat and transfers it to the proteasome for degradation. When Wnt 
signaling is activated through the binding of a Wnt ligand to the 
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fold, and promotes efficient transfer of βcat 
to the E3-ligase by a GSK3-regulated mech-
anism (Su et al., 2008; Pronobis et al., 2015).
Although elucidating the individual func-
tions of Axin or APC contributes to our under-
standing of destruction complex function, we 
believe that a more complete understanding 
will be gained by viewing the APC:Axin com-
plex as an entity in which APC and Axin work 
cooperatively to reduce levels of βcat. Our 
recent superresolution microscopy provided 
new insights into the cooperative assembly of 
these two proteins into a large multiprotein 
machine (Pronobis et al., 2015). We now carry 
this further by defining the minimal compo-
nents required for a functional destruction 
complex. Both Axin and APC are large, multi-
domain proteins (Figure 1, A and B; Stamos 
and Weis, 2013). Each has one or more large 
globular domains that mediate multiple pro-
tein interactions, and each also contains long, 
intrinsically unstructured regions containing 
peptide-binding sites for other protein part-
ners. Surprisingly, some features of the two 
proteins seem overlapping—for example, 
both contain βcat-binding sites (multiple 15– 
and 20–amino acid repeats in APC and a sin-
gle βcat-binding site in Axin), and each has a 
domain facilitating self-oligomerization (the 
combined APC Self-Association Domain 
[ASAD; Kunttas-Tatli et al., 2014] and Arma-
dillo [Arm] repeats in APC and the DIX do-
main in Axin; Figure 1, A and B).
We hypothesized that if we identified the 
essential regions required for APC:Axin co-
operative function and used these data to 
design a minimal βcat-destruction machine, 
we would gain new insights into the core 
mechanisms of destruction complex func-
tion. Furthermore, this effort might provide a 
paradigm for understanding large multipro-
tein complexes that assemble by multivalent 
interactions (Toretsky and Wright, 2014). Our 
investigation revealed several important new 
insights. We found that 1) the core mecha-
nism of the destruction machine depends on five domains/motifs 
found in APC or Axin, 2) APC and Axin mutants that are nonfunctional 
when expressed alone can complement one another when expressed 
together, suggesting that some domains/motifs of Axin and APC 
share partially redundant functions inside the βcat-destruction com-
plex, and 3) a chimera that we designed to covalently link these five 
regions can reconstitute the wild-type APC:Axin complex in its inter-
nal structure, size, and dynamics and restores efficient βcat destruc-
tion as effectively as wild-type APC:Axin complexes. On the basis of 
our data, we propose a new model for the mechanistic function of 
the destruction complex as an integrated entity.
RESULTS
Establishing a model system in which to define essential 
features of the minimal destruction complex
In our effort to design the minimal destruction machine and thus 
probe the mechanism of the APC:Axin complex, we used the human 
Wnt receptor complex, destruction complex function is inhibited 
and βcat levels increase (MacDonald and He, 2012). βcat enters the 
nucleus, binds Tcf/Lef transcription factors, and drives expression of 
Wnt target genes.
Despite the importance of Wnt signaling, although we know that 
the destruction complex is key in maintaining low levels of βcat, we 
are just starting to understand the mechanistic function of each core 
component (Stamos and Weis, 2013). Axin is the scaffold of the de-
struction complex. It self-polymerizes (Kishida et al., 1999; Schwarz-
Romond et al., 2007), forming a hub that recruits APC, βcat, and the 
two kinases that carry out βcat phosphorylation. APC’s role inside 
the Axin complex has been less clear. Several hypotheses have been 
ruled out, including a role in localizing the destruction complex to a 
particular subcellular location or an essential role in shuttling βcat in 
and out of the nucleus (Roberts et al., 2012). Current hypotheses of 
APC’s role in the destruction complex propose that it helps protect 
βcat from dephosphorylation, stabilizes assembly of the Axin scaf-
FIGURE 1: APC and Axin have regions with potentially redundant functions, and Axin has two 
domains/motifs essential for βcat destruction. (A) Drosophila APC2. Top, regions that may have 
redundant functions. Bottom, unique functions of APC2. (B) Drosophila Axin. Top, regions that 
may have redundant functions. Bottom, regions with unique functions. (C) Comparison of human 
APC1 and fly APC2, indicating truncated protein present in SW480 cells. (D) Schematic 
representation of Axin mutants. (E) Wild-type Axin can reduce βcat levels. Axin-RFP expressed in 
SW480 cells and stained for βcat via antibody. Arrows, transfected cells. (F, G) AxinΔβcat-RFP 
(F) and AxinΔDIX-RFP (G) cannot facilitate βcat destruction. (H) Deleting either the βcat-binding 
site or DIX domain of Axin impairs its ability to reduce βcat levels. Quantification of βcat relative 
to untransfected cells in 10 cells each measured in three independent experiments. (I) Wnt-
regulated transcription remains high in cells expressing Axin mutants that delete the βcat-
binding or DIX domain. Quantification of TOP/FOPflash reporter gene assay of indicated 
constructs in SW480 cells. Triplicates were measured in three independent experiments. 
Student’s t test was used. (J) Immunoblot of indicated constructs to compare expression 
levels. aPKCγ is a loading control.
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levels were >80% of those in control SW480 cells, and Wnt-regulated 
transcription, as measured by the TOP/FOPflash transcriptional re-
porter, was only weakly reduced (to ≥70%; Supplemental Figure S1, 
F and G; the remaining βcat-binding sites can sequester some βcat; 
Roberts et al., 2011), thus confirming the requirement of these re-
gions for APC2 function. We next identified regions in Axin that are 
essential for its ability to reduce βcat levels in SW480 cells (Figure 
1D). Overexpressing wild-type Axin reduced βcat in the SW480 cells 
(Figure 1E; Nakamura et al., 1998). However, deleting either Axin’s 
βcat-binding site or its DIX domain rendered Axin nonfunctional 
(Figure 1, D–G; both Axin mutants are expressed at levels similar to 
that of wild-type Axin; Figure 1J), consistent with studies in Axin-mu-
tant flies (Peterson-Nedry et al., 2008). Quantification confirmed that 
AxinΔβcat and AxinΔDIX failed to reduce βcat levels or Wnt-regu-
lated transcription; both remained ≥80% of those in untransfected 
control cells (Figure 1, H and I). Although the lack of function of 
AxinΔDIX in βcat destruction matched earlier experiments, it is some-
what surprising that AxinΔDIX retains the ability to form puncta. Oth-
ers also observed the ability of AxinΔDIX to form puncta, albeit less 
efficiently (Schwarz-Romond et al., 2007), perhaps via interaction with 
endogenous Axin. Another somewhat surprising result was the failure 
of AxinΔDIX to provide any reduction of Wnt-regulated transcription, 
despite its ability to retain at least some βcat in the cytoplasm (Figure 
1G’). These two features are worth exploring in more detail in the 
future. Taken together, these data suggest that APC has three re-
gions and Axin has two regions that are essential for their individual 
function in promoting βcat destruction in this APC hypomorphic cell 
line (Figure 2A).
APC and Axin share regions with redundant functions
APC and Axin both possess domains that perform seemingly similar 
functions, suggesting that these regions may be partially dispens-
able in a fully formed destruction complex (Figure 1, A and B, top), 
potentially allowing the retention of partial function, at least when 
both proteins are overexpressed. These functions include 1) the 
ability to multimerize, 2) the ability to bind and recruit βcat into the 
complex, and 3) two mechanisms by which APC and Axin can inter-
act (APC’s SAMP motifs bind Axin’s RGS domain, and APC’s Arm 
rpts interact with the region near Axin’s GSK3 site [Nakamura et al., 
1998; Kishida et al., 1999; Spink et al., 2000; Liu et al., 2006; Roberts 
et al., 2012; Pronobis et al., 2015]). However, there are also certain 
functions that appear unique to APC or to Axin, such as Axin’s ability 
to bind to GSK3 or APC’s ability to increase transfer of βcat to the 
E3-ligase (Nakamura et al., 1998; Pronobis et al., 2015).
To examine whether some of these potentially redundant regions 
are in fact dispensable when APC and Axin work together and de-
fine other functional redundancies, we examined whether APC and 
Axin mutants that lack their essential regions can complement one 
another in βcat destruction and Wnt signaling inhibition when ex-
pressed together. In earlier work, we were surprised to learn that 
APC’s multiple βcat-binding sites are dispensable for targeting βcat 
for destruction, although they do modulate signaling by retaining 
βcat in the cytoplasm (Roberts et al., 2011; Yamulla et al., 2014). Be-
cause deleting the βcat-binding site of Axin strongly reduced its ac-
tivity, we hypothesized that binding of βcat to APC might compen-
sate for loss of βcat binding to Axin. To test this hypothesis, we 
coexpressed AxinΔβcat with each nonfunctional APC mutant 
(APC2ΔArm, APC2ΔR2, APC2ΔB), each of which retains βcat-binding 
sites (Figure 2B). To test for other functional redundancies, we also 
expressed each APC mutant with AxinΔDIX (Figure 2B).
Strikingly, APC and Axin mutants that lack essential regions and 
thus could not reduce βcat when expressed separately were often 
colorectal cancer cell line SW480. These cells have high levels of 
βcat due to truncation of endogenous human APC1 at 1338aa 
(Figure 1C; Rubinfeld et al., 1997). In this APC mutant cell line, trans-
fecting exogenous APC can restore βcat destruction. In previous 
work, we established a system that uses the Drosophila homologues 
APC2 and Axin, which allowed us to assess the function of full-
length proteins, since human APC1 (2853aa) is too large be effec-
tively transfected and expressed in cells (Figure 1C). Fly APC2 has all 
of the functional regions needed to down-regulate Wnt signaling 
and reduce βcat levels in human SW480 cells, emphasizing the con-
servation of the Wnt pathway in all animals (Figure 1C; Roberts 
et al., 2011). Fly Axin also shares all regions found in human Axin 
(Figure 1B; Willert et al., 1999). Coexpressing APC2 and Axin in 
SW480 cells also allowed us to directly visualize the destruction 
complex, which assembles into large protein puncta that can be 
readily visualized by light microscopy and function in targeting βcat 
for destruction (Roberts et al., 2011; Pronobis et al., 2015). It is im-
portant to note that we are expressing APC, Axin, and their mutants 
at levels significantly higher than endogenous (Roberts et al., 2011; 
Pronobis et al., 2015). Nevertheless, our previous work on APC sug-
gested that in most cases, the functional requirements identified in 
this assay closely parallel those seen when these proteins are ex-
pressed at endogenous levels in a whole animal (Roberts et al., 
2011, 2012; Pronobis et al., 2015).
When expressed at endogenous levels, both APC and Axin are 
essential for βcat destruction, and overexpressing Axin cannot com-
pensate for complete loss of APC (Mendoza-Topaz et al., 2011). 
SW480 cells provide a useful model for assessing the key functions 
of the destruction complex, as their strong but not null mutant phe-
notype in Wnt regulation, due to the presence of truncated human 
APC1, provides a place to identify the essential core functions of the 
destruction complex machine. Consistent with this, Axin overex-
pression can reduce βcat in the APC mutant SW480 cell line, but its 
ability to down-regulate βcat is not as efficient as that provided by 
APC2 plus Axin–transfected cells (Pronobis et al., 2015). This paral-
lels the observation that overexpressing Axin in hypomorphic APC2 
mutant flies (point mutation N175K in the Arm repeats [rpts]) can 
restore Wnt regulation, unlike what is observed in APC2-null mu-
tants (Mendoza-Topaz et al., 2011). This is consistent with the idea 
that APC and Axin must work cooperatively to create the most effi-
cient βcat destruction machine. Thus SW480 cells provide a sensi-
tized system in which to define the most essential domains/motifs of 
each protein and thus define the core functions of the destruction 
complex machine.
APC and Axin have 5 regions that are essential for their 
individual function in βcat degradation
To define the core mechanisms underlying destruction complex func-
tion, we first identified the regions in APC2 and Axin that are essen-
tial for their individual function in reducing βcat levels when ectopi-
cally expressed in SW480 cells. Our previous work and that of others 
revealed that three regions in APC2 are essential: the combined 
ASAD and Arm rpts, 20–amino acid repeat 2 (R2), and conserved re-
gion B (B is also known as the catenin-inhibitory domain [CID]; Sup-
plemental Figure S1A (Kohler et al., 2009; Roberts et al., 2011, 2012; 
Kunttas-Tatli et al., 2012, 2014; Pronobis et al., 2015). We previously 
confirmed that all APC2 mutant proteins were effectively expressed 
in SW480 cells (Roberts et al., 2011, 2012; Pronobis et al., 2015). 
Whereas wild-type APC2 decreased βcat effectively, APC2ΔArm 
(lacking both the ASAD and the Arm rpts), APC2ΔR2, and APC2ΔB 
mutants could not reduce βcat levels (Supplemental Figure S1, B–E). 
Quantification of βcat immunofluorescence confirmed that βcat 
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groups (Figure 2B). Group 1 (APC2ΔArm + AxinΔβcat and APC2ΔR2 
+ AxinΔDIX) showed full complementation ability in down-regulating 
βcat levels and Wnt-regulated transcriptional activity (Figure 2, D–G). 
The levels of βcat and inhibition of Wnt-regulated transcription were 
able to facilitate βcat destruction when two mutants were coex-
pressed (Figure 2, B–O). However, some combinations reduced βcat 
and Wnt-regulated transcription better than others. On the basis of 
their rescue ability, we classified these combinations into three 
FIGURE 2: Certain APC and Axin mutants that are nonfunctional on their own can complement one another to facilitate 
βcat destruction. (A) Schematic representation of APC2 and Axin. Essential regions are highlighted in red. 
(B) Combinations of APC2 and Axin mutants tested. Groups 1–3 exhibit different levels of complementation. 
(C–E, H–I, L–M) Immunofluorescence, wild-type or mutant versions of GFP-APC2 and Axin-RFP expressed in SW480 
cells and stained for βcat via antibody (blue). Arrows = transfected cells. (C) Wild-type APC2 and Axin form cytoplasmic 
complexes and effectively reduce βcat. (D, E) The pairs GFP-APC2ΔArm + AxinΔβcat-RFP (D) and GFP-APC2ΔR2 + 
AxinΔDIX-RFP (E) colocalize in puncta and show full complementation in βcat reduction, and they are thus categorized 
into group 1. (F) Quantification, βcat fluorescence intensity relative to untransfected control SW480 cells, group 1. 
Constructs are indicated. Ten cells each in three independent experiments. (G) Quantification, Wnt regulated 
transcription in SW480 cells of group 1. Group 1 APC and Axin mutants are indistinguishable from wild-type APC2 plus 
Axin in inhibiting Wnt-regulated transcription. Three triplicates measured in three independent experiments. (H, I) The 
pairs GFP-APC2ΔR2 + AxinΔβcat-RFP (H) and GFP-APC2ΔArm + AxinΔDIX-RFP (I) show strong complementation in βcat 
reduction and are thus categorized into group 2. Of interest, whereas GFP-APC2ΔR2 and AxinΔβcat-RFP colocalize in 
puncta (H), GFP-APC2ΔArm and AxinΔDIX-RFP (I) do not form large cytoplasmic puncta. (J) Quantification of βcat levels, 
group 2 mutants, as in F. (K) Quantification of Wnt-regulated transcription in group 2, as in G. (L, M) The pairs GFP-
APC2ΔB + AxinΔβcat-RFP (L) and GFP-APC2ΔB + AxinΔDIX-RFP (M) show weak complementation in βcat reduction and 
are categorized into group 3. (N) Quantification of βcat levels of group 3 mutants. (O) Quantification of Wnt-regulated 
transcription in group 3. Student’s t test was used.
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APC2ΔR2 + AxinΔβcat (as assessed by examining average reduction 
[Supplemental Figure S2F] or graphing construct levels vs. βcat lev-
els [Supplemental Figure S2H]). However, reducing the amount of 
construct transfected did reduce the ability to silence Wnt-regulated 
transcription (TOPflash reporter); intriguingly, this effect was also 
seen with wild-type APC2 + Axin (Supplemental Figure S2G). We 
suspect that this latter effect reflects reduced ability to retain βcat in 
the cytoplasm.
Each of APC’s and Axin’s essential regions makes important 
but partially overlapping contributions to the efficiency of 
βcat destruction
The foregoing data suggest that APC2 and Axin create a robust 
destruction machine in which some regions are partially redundant, 
such that coexpression at elevated levels can lead to complementa-
tion. To further probe this, we assessed the function of the destruc-
tion complex as we systematically decreased the number of essen-
tial regions, by coexpressing different APC and Axin mutants lacking 
particular essential domains (Figure 3, A and B). We confirmed via 
immunoblot that all APC and Axin mutants that had not been previ-
ously tested were expressed (Roberts et al., 2011, 2012; Pronobis 
et al., 2015; Figure 3, D and E). When we sorted these APC2 + Axin 
combinations based on the number of essential regions present, we 
found a generally gradual decrease in destruction complex function 
and thus increase in βcat levels as we progressed from five essential 
regions present to zero regions present (Figure 3B). However, within 
a group defined by number of essential regions present, we saw 
variations in βcat reduction; in particular, mutant combinations 
seemed strongly affected by deleting APC2’s region B. When we 
averaged the βcat levels within a group, we found that the APC:Axin 
complex was still able to reduce βcat levels fairly effectively when 
two essential regions were deleted, whereas deleting three regions 
increased βcat levels significantly (Figure 3C). Thus the destruction 
complex is a robust machine that can withstand on average the loss 
of two of the essential regions. Taken together, our data suggest 
that the five essential regions of APC and Axin make important but 
partially overlapping contributions to the function of the destruction 
complex.
The essential regions of APC and Axin are sufficient to 
down-regulate Wnt signaling, but mutants carrying only 
these essential regions are not as effective at reducing βcat 
as the wild-type proteins
Having defined regions of APC2 and Axin that are necessary for 
their function, we next tested whether APC’s and Axin’s essential 
regions are sufficient to facilitate down-regulation of βcat- and Wnt-
regulated transcription. To do so, we reduced each protein to its 
essential regions, generating APC2ARB (Figure 4A, left), which has 
only the Arm rpts, R2 and region B, and Axinβcat-DIX (Figure 4A, 
right), which consists of the C-terminal half of Axin, which contains 
its two essential regions (βcat-binding and DIX). First, we confirmed 
that expression levels of APC2ARB and Axinβcat-DIX were similar 
to those for wild-type proteins (Figure 4, P and Q). Then we tested 
their function in reducing βcat and inhibiting Wnt-regulated tran-
scription. Each retained significant function when misexpressed, 
reducing βcat levels to ∼40–50% of those in control untransfected 
cells (Figure 4, E, F, and K). However, neither mutant was as effec-
tive as wild-type APC2 or wild-type Axin in reducing overall βcat 
levels (Figure 4, E and F vs. B and C, and K vs. I). We also saw differ-
ences in retention of βcat: APC2ARB lacked βcat-binding sites and 
did not exhibit retention of βcat in the cytoplasm (Figure 4E’). 
Axinβcat-DIX was able to assemble into puncta and accumulated 
indistinguishable from those for wild-type APC + Axin, suggesting 
that these APC and Axin mutants fully complement each other 
(Figure 2, F and G). Group 2 (APC2ΔR2 + AxinΔβcat and APC2ΔArm 
+ AxinΔDIX) exhibited strong complementation ability (Figure 2, 
H–K). This group had reduced βcat levels and Wnt-regulated tran-
scription, although the reduction was less efficient than that seen in 
wild-type APC2 + Axin–transfected cells (Figure 2, J and K). Group 3 
(APC2ΔB coexpressed with either AxinΔβcat or AxinΔDIX) exhibited 
weak complementation ability (Figure 2, L–O). Although a modest 
reduction in βcat levels was detected, Wnt-regulated transcription 
was as high as when APC2ΔB, AxinΔβcat, or AxinΔDIX was expressed 
individually (Figure 2, N and O), suggesting that loss of certain re-
gions such as region B interferes with complementation.
These data revealed that deleting Axin’s βcat-binding site was 
compensated for by each of the APC mutants, although APC2ΔB 
was less effective in this regard. Similarly, removal of the self-polym-
erization domain in AxinΔDIX could be compensated for by APCΔR2 
and more weakly by APCΔB. Surprisingly, AxinΔDIX was also com-
plemented by APC2ΔArm, despite the fact that this pair lacked the 
predicted self-polymerization domain of both proteins and was un-
able to form and colocalize in large cytoplasmic complexes (Figure 
2I). However, AxinΔDIX and APC2ΔArm can still associate, as de-
tected by coimmunoprecipitation, consistent with their retention of 
the RGS domain and SAMP motifs (Supplemental Figure S1H). This 
may suggest that when APC and Axin are expressed at elevated 
levels, the reduced efficiency of complexes that cannot self-polym-
erize may be sufficient for βcat destruction. Alternatively, the en-
dogenous truncated human APC, which retains the Arm repeats, 
may mediate formation of smaller but still functional supramolecular 
complexes. Together our data suggest that when working together, 
APC and Axin can each complement functional deficits in the other 
to efficiently target βcat for destruction.
It was possible that the reduced ability of certain pairs to form 
efficient destruction complexes might make them more sensitive to 
expression levels. For our group 2 complementing pairs, we ad-
dressed this idea in two ways. First, we assessed whether the level 
of expression of the constructs, as assessed by green fluorescent 
protein (GFP) fluorescence, affected their ability to reduce βcat lev-
els by assessing both properties in individual cells. In earlier work, 
we assessed this for wild-type APC2 and Axin. Of interest, for each 
of these, increasing levels of expression actually led to reduced 
rather than increased ability to reduce βcat levels (Pronobis et al., 
2015; Supplemental Figure S2A). We interpreted this, as others had 
suggested (Salic et al., 2000), as reflecting the fact that when one 
component is overexpressed without the others, it may lead to as-
sembly of partial complexes that are nonfunctional. These earlier 
data also revealed that APC (plus endogenous Axin) was more effec-
tive at reducing βcat levels than was Axin, regardless of their level of 
expression. We thus carried out a similar analysis of the effective-
ness of APC2ΔArm + AxinΔDIX and the APC2ΔR2 + AxinΔβcat. 
These data did not suggest strong dosage dependence for 
APC2ΔArm + AxinΔDIX, although there was some suggestion that 
APC2ΔR2 + AxinΔβcat was less effective at the lowest concentra-
tions (Supplemental Figure S2A). To further assess this, we at-
tempted to reduce the levels of these constructs further by trans-
fecting lower amounts of each plasmid pair into SW480 cells and 
assessing effects on both reduction of βcat levels and Wnt-regulated 
transcription (TOPflash reporter). We verified that this led to lower 
average levels of protein accumulation (Supplemental Figure S2E). 
We saw no substantial effect of different dilutions on ability to re-
duce βcat levels—at each concentration, wild-type APC2 + Axin was 
most effective, followed by APC2ΔArm + AxinΔDIX and then 
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E, F, and K). When expressed together, 
APC2ARB and Axinβcat-DIX continued to 
retain βcat in puncta (Figure 4G, close-up, 
arrowhead). One reason for reduced func-
tion may be the failure of APC2ARB to be 
as effectively recruited into Axinβcat-DIX 
puncta (Figure 4, G” vs. D”), likely due to 
the lack of the SAMP motifs.
In their natural state, APC and Axin act in 
a complex in which APC binds to Axin’s RGS 
region via its SAMP motif (Spink et al., 2000), 
both of which are deleted in our minimized 
constructs. We thus hypothesized that cova-
lently linking APC2ARB to Axinβcat-DIX 
might improve rescue ability. We therefore 
created a Chimera linking the C-terminus of 
APC2ARB to the N-terminus of Axinβcat-
DIX (Figure 4A, bottom). This mimics the in-
teraction of APC’s C-terminal SAMP motifs 
and Axin’s N-terminal RGS domain (Figure 1, 
A and B). We confirmed that the level of Chi-
mera protein expression was very similar to 
the expression of wild-type Axin (Figure 4R).
Strikingly, the APC:Axin Chimera strongly 
decreased βcat levels (to ∼10%; Figure 4, H 
and K). It also eliminated βcat in puncta 
(Figure 4H, close-up, arrowheads), doing so 
as well as wild-type APC + Axin (Figure 4D, 
close-up, arrowheads). The Chimera also ef-
fectively inhibited Wnt-regulated transcrip-
tion (Figure 4L). Thus the Chimera down-
regulates βcat levels and Wnt-regulated 
transcription better than APC2ARB and 
Axinβcat-DIX expressed individually or co-
expressed. In fact, the Chimera down-regu-
lated βcat levels and Wnt-regulated tran-
scription as effectively as wild-type APC2 
coexpressed with Axin (Figure 4, H vs. D, M, 
and N). Strikingly, when we compared the 
Chimera to Axin, we found that it reduced 
βcat and Wnt-regulated transcription even 
more effectively than expressing Axin alone 
(Figure 4, C vs. H, M, and N).
Next we assessed whether the reduction 
of βcat was dependent on protein levels of 
the Chimera, APC, or Axin. In previous work, 
we found that there is an inverse relation-
ship between the level of overexpression of wild-type APC2 or Axin 
and the down-regulation of βcat levels, suggesting that at very high 
levels, they may assemble into partial, nonfunctional complexes that 
sequester βcat (Pronobis et al., 2015). The Chimera exhibited the 
same inverse relationship between levels of GFP-tagged protein 
and βcat, revealing that it was more effective than wild-type Axin 
even at the lowest levels of expression we assessed (Figure 4O). 
Together these data suggest that covalently linking the five essential 
regions of APC and Axin together generates a machine that is even 
more efficient than Axin in down-regulating βcat and Wnt signaling 
in this APC mutant cell line.
One of the regions contained in the Chimera, R2/B (B is also 
known as the CID), is a peptide motif that is essential for APC func-
tion but did not have a known binding partner. Recent work 
suggests that this region acts as a binding site for α-catenin 
somewhat more βcat in the cytoplasmic puncta than did wild-type 
Axin (Figure 4, C vs. F, arrowheads and close-ups), also suggesting 
reduced ability to effectively target βcat for destruction. Strikingly, 
both minimized constructs were indistinguishable from wild-type 
APC2 or Axin in inhibiting Wnt-regulated transcription (Figure 4, L 
vs. J). Thus the essential regions of APC and Axin have a moderate 
ability to reduce βcat levels but can fully down-regulate Wnt-acti-
vated transcription.
Covalently linking the essential regions of APC and Axin 
increases their negative-regulatory activity
Next we tested whether we could decrease βcat levels further by 
coexpressing APC2ARB and Axinβcat-DIX. Coexpression of both 
did not lead to a statistically significant further reduction in total 
βcat levels (assessed by fluorescence quantification; Figure 4, G vs. 
FIGURE 3: The essential regions in APC and Axin each make important but partially 
overlapping contributions to a fully functional destruction complex. (A) Schematic representation 
of APC2 and Axin. Essential regions are indicated in red. (B) The essential regions in APC2 and 
Axin work cooperatively to ensure efficient reduction of βcat levels. Coexpression of indicated 
APC2 and Axin mutants in SW480 cells, followed by quantification of βcat fluorescence intensity. 
Top, mutants are sorted into groups that are defined by how many essential regions remain 
present. Middle, βcat average intensity. Bottom, table describing which essential regions remain 
present. (C) For βcat reduction, up to two essential regions are largely dispensable. Columns 
represent the averages of the groups that were defined in B. Student’s t test was used. 
(D) Immunoblot analysis of expression levels of a subset of the APC2 mutants used; others are 
given in other figures or in Roberts et al. (2011, 2012) or Pronobis et al. (2015). (E) Expression 
levels of indicated Axin mutant.
Volume 28 January 1, 2017 Minimal Wnt-regulatory machine | 47 
FIGURE 4: The APC:Axin Chimera reduces βcat as efficiently as wild-type APC plus Axin. (A) Schematic, APC and Axin 
constructs plus Chimera. Top, wild-type APC and Axin with essential regions indicated. Middle, mutants incorporating 
essential regions alone. Bottom, essential regions were combined into a single polypeptide to create the Chimera. 
(B–H) Immunofluorescence, GFP-tagged or RFP-tagged wild-type or mutant constructs misexpressed in SW480 cells and 
stained for βcat via antibody. Arrows point to transfected cells. Close-ups of a transfected cell are shown to the right to 
reveal which constructs retain βcat in puncta. (B) Wild-type GFP-APC2 reduces βcat levels. (C) Wild-type GFP-Axin also 
reduces βcat levels, but some βcat remains in puncta (arrowheads, close-up). (D) Coexpressing GFP-APC and Axin-RFP 
effectively reduces βcat levels. (E) GFP-APC2ARB, which consists of APC’s three essential regions, can moderately reduce 
βcat levels, but βcat remains higher than is seen after wild-type APC2 transfection. (F) Axinβcat-DIX-RFP also moderately 
reduces βcat levels, and detectable βcat remains in the puncta (arrowhead, close-up). (G) Coexpressing APC2ARB and 
Axinβcat-DIX does not further decrease βcat levels, and βcat remains in puncta (arrowhead, close-up). (H) Expressing 
the GFP-Chimera leads to strong reduction of βcat, and no βcat is seen in puncta (arrowhead, close-up). 
(I, K, M) Quantification, βcat fluorescence intensity in SW480 cells transfected with indicated constructs, normalized 
to untransfected cells. Ten cells each in three independent experiments were measured. (J, L, N) Quantification of 
Wnt-regulated transcription in SW480 cells (TOPflash activity, normalized to untransfected cells). Three triplicates were 
measured in three independent experiments. (I) Axin cannot reduce βcat levels as effectively as APC2 or APC2 + Axin. 
(J) Axin cannot inhibit Wnt-regulated transcription as effectively as APC2 or APC2 + Axin. (K) Mutants carrying only the 
essential regions of APC2 or Axin only moderately reduce βcat levels, whereas covalently linking the essential regions of 
APC and Axin into the Chimera increases βcat reduction. (L) The Chimera strongly inhibits Wnt-regulated transcription. 
(M) The Chimera reduces βcat levels better than wild-type Axin. (N) Wnt-regulated transcription is as effectively inhibited 
by the Chimera as it is by wild-type APC2 + Axin or APC2. Student’s t test was used. (O) APC2, Axin, and the Chimera are 
not dosage dependent in βcat degradation. GFP levels (reflecting expression level of APC or Axin construct) vs. βcat signal 
in individual cells expressing each construct. βcat signal is normalized to nearby untransfected cells. A set of individual 
values of untransfected cells shows the degree of variability among cells in the same population. Thirty cells total for each 
condition. Both the Chimera and APC2 are more effective at reducing βcat than is Axin over a wide range of expression 
levels. (P–R) Immunoblot, expression levels of indicated constructs. aPKCγ is a loading control. Relative expression levels 
vary somewhat from experiment to due to transfection efficiency. (S) α-Catenin coimmunoprecipitates with the Chimera. 
Left, cell lysates from cells expressing the indicated constructs. γ-Tubulin serves as a loading control. Right, anti-GFP 
immunoprecipitates from cells expressing the indicated constructs. Bottom, effectiveness of antibody pull down.
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APC2 as positive controls, using the GFP 
tag to immunoprecipitate each of them. 
Strikingly, α-catenin coimmunoprecipitated 
with all of them but not with control immu-
noglobulin G (Figure 4S). This is consistent 
with a possible role for α-catenin in APC 
and Chimera function.
APC’s and Axin’s essential regions 
remain indispensable in the Chimera
Because we physically linked APC’s and 
Axin’s regions together into an artificial 
chimeric protein, we next assessed whether 
all five essential regions remain indispens-
able when linked in the Chimera. We cre-
ated variants sequentially deleting each of 
the five regions (Supplemental Figure S3A). 
We confirmed that all Chimera mutants are 
expressed at levels similar to that of the 
Chimera (Supplemental Figure S3, J and K). 
Next we tested the ability of each Chimera 
mutant to facilitate βcat destruction and re-
press Wnt-regulated transcription. Deleting 
APC2’s Arm rpts, R2, or region B or Axin’s 
βcat-binding site or DIX domain each sub-
stantially reduced the ability of the Chimera 
to reduce βcat levels and Wnt-regulated 
transcription (Supplemental Figure S3, B–I). 
Each of the Chimera mutants had βcat levels 
>50% of those of untransfected control 
cells, and Wnt-regulated transcription was 
>40% of that in control cells (Supplemental 
Figure S3, H and I). We observed one ad-
ditional intriguing aspect: whereas most 
Chimera mutants accumulated βcat in their 
complexes, ChimeraΔβcat did not (Supple-
mental Figure S3, F, arrowheads, vs. C–E 
and G, arrowheads), suggesting that the 
βcat-binding site of Axin is required to re-
cruit βcat into the Chimera complex. Thus 
the Chimera needs all five essential regions 
to fully function in βcat destruction.
The internal complex size and 
structure of the Chimera are similar 
to those of APC:Axin complexes
Our earlier work revealed that one role of 
APC is to promote Axin polymerization, in-
creasing the size, complexity, and effective-
ness of destruction complexes (Pronobis 
et al., 2015). We next assessed the effect on 
destruction complex size and internal struc-
ture of fusing the essential regions of APC and 
Axin into the Chimera. When over expressed 
in SW480 cells, Axin assembles into numer-
ous puncta (Figure 5A). Axin recruits APC2 into these puncta when 
coexpressed (Figure 5B). We previously found that APC2:Axin coex-
pression increases puncta size (Pronobis et al., 2015), as measured ei-
ther by cross-sectional area (Figure 5D) or puncta volume (Figure 5, F 
and G); this increase in puncta size coincided with a decrease in the 
number of puncta (Figure 5E). Strikingly, when expressed in SW480 
cells, the Chimera also formed larger, less numerous puncta than those 
(Choi et al., 2013), which has been known to bind APC since the 
earliest connection of APC to βcat was made (Rubinfeld et al., 
1993). We thus asked whether the Chimera, when expressed in 
SW480 cells, coimmunoprecipitated with α-catenin. We used a hu-
man APC1 fragment containing this region (hAPC1-2.8 kB, which 
begins before the 20 amino acid repeat 1 [20R1] and includes 
20R2, B, 20R3, 20R4, and the first SAMP motif) and full-length 
FIGURE 5: The Chimera mimics the APC2:Axin complex in internal structure and size. (A–C) SIM 
images. SW480 cells transfected with Axin-RFP (A), GFP-APC2 plus Axin-RFP (B), or GFP-
Chimera (C). (D) The cross-sectional area of the chimeric complexes is similar to those produced 
by APC2 plus Axin and larger than those produced by Axin alone. (E) The number of puncta in 
Chimera-transfected cells is similar to that in APC2 + Axin–transfected cells and reduced relative 
to cells expressing Axin alone. Area and number obtained using LSM 710 images and the 
ImageJ Particle Analyzer. Ten cells quantified per construct. (F, G) Chimera puncta are similar in 
volume to APC2:Axin complexes and larger than those produced by Axin alone. Puncta volume 
assessed from SIM images of indicated constructs using Imaris Software (Bitplane). (F) Average 
puncta volume of indicated constructs. Ten cells used for each condition. (G) Volume comparison 
of equal numbers of puncta from Axin-transfected (n = 4 cells quantified), APC2 + Axin–
transfected (n = 10 cells), or Chimera-transfected (n = 10 cells) cells. Fewer Axin cells were 
analyzed to equalize puncta number. Student’s t test was used. (H–M) SIM close-up three-
dimensional projections of puncta from cells like those in A–C. (H, I) APC2 coexpression (I) leads 
to a more internal complex structure of Axin puncta than that of puncta assembled from Axin 
alone (H). (J–M) The Chimera has a complex internal structure resembling that of APC:Axin 
complexes. Representative images of GFP-Chimera expressed in two different SW480 cells.
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observation is consistent with a model in 
which Axin acts as a scaffold and therefore 
its turnover is slower, whereas APC con-
stantly reassembles into the complex, per-
haps bringing in new βcat. When we tested 
dynamics of the Chimera, we found that its 
recovery plateau is very similar to that of 
both APC and Axin, suggesting a stable 
core of Chimera polymer. Strikingly, how-
ever, the t1/2 of the Chimera is 100 s and 
therefore more similar to that of APC (100 s) 
than that of Axin (600 s; Figure 6C). Thus the 
artificial Chimera reconstitutes different as-
pects of the dynamics of the wild-type 
APC:Axin complex.
The Chimera remains functional if the 
endogenous truncated human APC1 is 
knocked down
These data demonstrate that the Chimera 
can restore Wnt regulation to SW480 cells 
roughly as well as APC2 plus Axin. Like 
other APC mutant colorectal tumors, SW480 
cells express an endogenous truncated hu-
man APC1, which end in the R2/B region or 
earlier. In SW480 cells, the truncation is at 
amino acid 1338; the truncation thus re-
moves most of the 20–amino acid repeats 
and all of the SAMP motifs, but the trun-
cated protein retains the coiled-coil self-as-
sociation domain and Arm repeats, 15 
amino acid repeats, and the 20R1 (Figure 
1C). This truncated protein is unable to 
down-regulate βcat, but there remained the 
possibility that it could contribute to func-
tion of the Chimera. In a final set of tests, we 
explored whether the endogenous truncated human APC1 ex-
pressed in this cell line was essential for function of the Chimera. To 
do so, we generated an SW480 cell line stably transfected with a 
short hairpin RNA (shRNA) directed against the truncated APC1 
(Materials and Methods). We verified knockdown of the truncated 
APC1 by immunoblotting (Figure 7A). Knockdown cells retained 
high levels of βcat, similar to those of the parental SW480 cells 
(Figure 7B; arrowhead; unpublished data).
We next transfected GFP-tagged APC2, Axin, or the Chimera 
into these cells and assessed their ability to restore down-regulation 
of βcat. Both Axin (Figure 7C) and the Chimera (Figure 7D) still 
formed puncta, as in the parental SW480 cells. Strikingly, APC2, 
Axin, and the Chimera all retained the ability to down-regulate βcat 
(Figure 7, B–D; quantified in E), even in these knockdown cells, in 
which the levels of the truncated APC1 were reduced substantially. 
Further, in this assay, quantitation of βcat fluorescence revealed that 
both APC2 and the Chimera each remained more effective in this 
regard than was Axin alone (Figure 7E), as we observed in parental 
SW480 cells in which truncated APC1 had not been knocked down 
(Figure 4I). However, although APC2, Axin, and the Chimera all re-
tained the ability to restore βcat down-regulation, quantification re-
vealed that they were not quite as effective after truncated APC1 
knockdown: βcat levels were roughly twice as high in the knock-
down cell lines relative to untransfected controls (Figure 7E vs. 
Figure 4, I and M).Together these data suggest that high levels of 
truncated endogenous APC1 are not essential for the function of 
assembled by Axin alone and thus were similar to those created by 
coexpressing Axin and APC2 (Figure 5, C–G).
Structured illumination microscopy (SIM) imaging previously re-
vealed that the increase in puncta size reflects the ability of APC to 
promote Axin polymerization, converting Axin puncta from simple 
strands and sheets (Figure 5H) into a more complex set of inter-
twined strands of Axin and APC2 (Figure 5I; Pronobis et al., 2015). 
SIM imaging of the Chimera revealed that many Chimera puncta 
were also more complex in structure (Figure 5, J–M, representative 
large puncta from two different cells), mimicking Axin:APC2 puncta 
internal structure. Thus the Chimera retains two properties of 
APC2:Axin-based destruction complexes: more complex internal 
structure and increased complex size.
The Chimera mimics dynamics of the APC:Axin complex
As a final comparison of the Chimera to coexpression of Axin and 
APC2, we examined the dynamic behavior of the Chimera using 
fluorescence recovery after photobleaching (FRAP). We previously 
found that puncta formed by Axin alone are highly dynamic, with a 
recovery plateau of >80% and a t1/2 = 220 s (Figure 6, A and B; 
Pronobis et al., 2015). However, in the presence of APC, Axin’s dy-
namics slows—the recovery plateau decreases to 30%, and the t1/2 
extends to almost 600 s, suggesting that APC stabilizes Axin multi-
merization (Figure 6B; Pronobis et al., 2015). Of interest, although 
APC’s recovery plateau when in puncta with Axin is similar to that of 
Axin, APC shows a faster turnover time (t1/2 = 100 s; Figure 6C). This 
FIGURE 6: Dynamics of the Chimera are similar to that of APC in APC2 + Axin complexes. 
(A–C) FRAP analysis of complexes formed by Axin-RFP alone, Axin-RFP coexpressed with 
GFP-APC2, or GFP-Chimera in SW480 cells. Ten complexes from three independent 
experiments. (A) Axin complexes are dynamic. Example of FRAP traces of complexes formed by 
Axin-RFP in SW480 cells. Unbleached (blue) and bleached cells (red). (B) Axin’s dynamics slows 
when APC is coexpressed. GFP-APC2 and Axin-RFP were expressed in SW480 cells. Left, 
recovery plateau; right, t1/2. (C) APC2 and the Chimera have similar dynamics. The recovery 
plateau of the Chimera is similar to that of both Axin and APC2. However, the time needed for 
the Chimera to recover is more similar to that of APC2.
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and Axin proteins are both complex scaffolding proteins (Figure 
7G). We began by defining the domains/motifs of APC2 and Axin 
essential for function in SW480 cells. Three domains/motifs in APC2 
(the ASAD + Arm rpts, R2, and region B; Figure 7G) and two do-
mains/motifs in Axin (the βcat-binding region and the DIX domain; 
Figure 7G) are essential for the function of each in regulating βcat 
levels when expressed alone in SW480 cells, consistent with prior 
analysis of Drosophila mutants (McCartney et al., 2006; Peterson-
Nedry et al., 2008; Roberts et al., 2011, 2012; Kunttas-Tatli et al., 
2012, 2014).
We next carried out complementation assays, revealing the ro-
bust nature of the integrated destruction complex. Strikingly, when 
the Chimera. However, they are consistent with the idea that the 
truncated APC1 may increase the efficiency of βcat destruction. 
Consistent with this, our earlier work revealed that the endogenous 
truncated APC1 can coimmunoprecipitate with transfected human 
Axin (Pronobis et al., 2015). It also is possible that endogenous hu-
man Axin is important for the function of the Chimera, as coimmu-
noprecipitations reveal they can associate (Figure 7F).
DISCUSSION
The βcat-destruction complex is key in regulating Wnt signaling. 
Our goal was to use a simplified system to design the minimal de-
struction complex, providing insights into its core mechanisms. APC 
FIGURE 7: High levels of the truncated endogenous APC1 are not essential for function of the Chimera and new 
models of the destruction complex and its key functions. (A) Immunoblot assessing level of knockdown in SW480 cells 
stably transduced with shRNA targeting the endogenous truncated human APC1. aPKC serves as a loading control; 
representative of three experiments. (B–D) SW480 cells stably transduced with shRNA targeting the endogenous 
truncated human APC1 and then transfected with the indicated GFP-tagged constructs. Arrows, transfected cells; 
arrowheads, untransfected cells. (E) Quantification, βcat fluorescence intensity in cells like those in B–D. Constructs 
are indicated. Ten cells each in three independent experiments. Student’s t test was used. (F) The Chimera 
coimmunoprecipitates endogenous human Axin. Left, cell lysates from cells expressing the indicated constructs. aPKC 
serves as a loading control. Right, anti-GFP immunoprecipitates, bringing down the GFP-tagged-Chimera. Bottom, 
effectiveness of antibody pull down. (G) Essential regions of APC2 and Axin. (H) APC and Axin can use different 
combinations of domains/motifs to secure low levels of βcat. The nature of the combination defines the efficiency of 
the complex. (I) The Chimera helps define all the essential functions of the APC:Axin destruction complex.
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relationship between forming puncta and function is not as simple 
as we suggested in our earlier model.
Our minimization efforts culminated in creation of the Chimera, 
linking the essential regions of APC and Axin together in one poly-
peptide (Figure 7I). Strikingly, the Chimera facilitates βcat destruc-
tion and inhibition of Wnt-regulated transcription as efficiently as 
wild-type APC coexpressed with wild-type Axin and better than 
Axin alone. Further, the Chimera reconstitutes the internal complex 
structure, size, and dynamics of the APC plus Axin destruction com-
plex. All regions in the Chimera are essential for keeping the Wnt 
pathway down-regulated, suggesting that it constitutes the minimal 
destruction machine.
On the basis of this, we propose a model defining the minimal 
activities that ensure function of the destruction complex in down-
regulating Wnt signaling (Figure 7I; the Chimera bypasses one es-
sential feature—domains mediating APC:Axin association—by vir-
tue of covalent linkage). These are as follows: 1) Multimerization via 
APC’s ASAD + Arm rpts and Axin’s DIX domain generates a cellular 
compartment into which all other destruction-complex proteins are 
recruited to allow the most efficient βcat destruction. This type of 
phase transition model, in which multivalent proteins create a com-
partment-like structure in the cytoplasm, was proposed to play a 
major role in signal transduction (Brangwynne et al., 2009; Li et al., 
2012a). It will be interesting to test whether the polymerization do-
mains in the Chimera could be replaced by polymerization domains 
of proteins not involved in Wnt signaling. It is also worth noting that 
co-overexpressing APC2 and Axin mutants each defective in polym-
erization (APC2ΔArm + AxinΔDIX) restored some function in βcat 
destruction; this may suggest that reduced efficiency is less critical 
when levels of the APC:Axin complex are elevated. 2) Recruitment of 
βcat into the APC:Axin complex is another key feature. Earlier work 
suggested that APC’s βcat-binding sites act redundantly with one 
another and in fact are dispensable for destruction (Roberts et al., 
2011; Yamulla et al., 2014). Our new data suggest that Axin’s binding 
site alone is sufficient to pull βcat into the complex and that Axin’s 
βcat-binding site is dispensable if βcat-binding sites remain in APC. 
It would be interesting to pursue these observations in vivo, using, 
for example, clustered regularly interspaced short palindromic re-
peats (CRISPR) to precisely replace Axin’s βcat-binding site with 
APC’s 20R3, which has the highest affinity for βcat (Liu et al., 2006), 
to determine whether there is anything unique about Axin’s binding 
site. 3) We recently proposed that the Arm rpts, R2, and region B 
function in the efficient transfer of βcat to the E3-ligase, another key 
step in βcat degradation (Pronobis et al., 2015). The Chimera re-
mains dependent on each of these three regions, since deleting any 
of them results in loss of βcat down-regulation and accumulation of 
βcat in the destruction complex. It will be interesting to test whether 
the Arm rpts have dual functions in the complex, working together 
with the ASAD in multimerization and acting in βcat transfer, or 
whether only one of these functions is required for the minimal βcat 
machine. Our previous work suggested that R2 and B act together 
as a unit (Pronobis et al., 2015), but our data here suggest that re-
gion B plays an even more essential role than R2. It will be important 
to determine whether this suggests differential or additive roles.
Thus the APC:Axin complex is a robust machine that uses the 
redundancy of domains/motifs to facilitate βcat destruction in 
multiple ways, and its key functions can be reduced to five essen-
tial regions that can reconstitute the destruction complex in the 
absence of Wnt signaling. However, additional domains/motifs 
may be critical for the destruction complex to be turned down by 
Wnt signaling. Consistent with this, a subset of Axin mutants leads 
to constitutively active destruction in Drosophila axin-mutant flies 
they were expressed together, otherwise nonfunctional mutants of 
APC2 and Axin could complement one another. In some cases, this 
complementation could be traced to overlapping functions. Al-
though APC and Axin are evolutionarily unrelated, a subset of their 
domains/motifs have shared functions; most strikingly, each has 
one or more βcat-binding sites, and each has a domain mediating 
self-association. The clear complementation of the nonfunctional 
AxinΔβcat mutant by several APC mutants that were not functional 
on their own, together with earlier analysis of an APC2 mutant lack-
ing all its βcat-binding sites (Roberts et al., 2011; Yamulla et al., 
2014), suggests that βcat recruitment to the destruction complex 
need only be provided by either APC or Axin.
When we expanded this analysis to systematically delete each of 
the five essential regions in APC and Axin (Figure 7G) and test them 
in combination for βcat reduction, we found that on average two 
essential regions were dispensable for function of the destruction 
complex when overexpressed. These data suggest that the APC:Axin 
complex may have multiple mechanistic pathways to target βcat for 
destruction (Figure 7H), using different combinations of domains and 
motifs, and that these different pathways differ in their efficiencies. 
This robustness could help absolutely ensure low levels of βcat in the 
absence of Wnt signals, a key to mediating normal developmental 
fate decisions and preventing tumor initiation. Further, it may allow 
for the evolution of mechanisms that fine-tune destruction rather 
than turning it off entirely, thus fine-tuning Wnt activity. Consistent 
with this, earlier (Ahmed et al., 2002; Akong et al., 2002) and recent 
work (Lee et al., 2003; Li et al., 2012b) reinforce the idea that Wnt 
signals turn down but do not turn off the destruction complex. Thus 
we propose that assembling a cooperative destruction machine with 
different domains/motifs in APC and Axin that share partially redun-
dant functions creates a robust βcat-destruction complex that can be 
easily fine-tuned in its destruction rate.
One curious finding was that although the minimized APC or 
Axin mutants (the three essential regions of APC or the two essential 
regions of Axin) were each somewhat less effective at mediating 
βcat destruction relative to wild-type APC2 or Axin, they repressed 
Wnt-regulated transcription as well as wild-type APC or Axin, re-
spectively. These data suggest that these two proteins may have 
yet-unknown mechanisms by which they down-regulate βcat-
activated transcription separately from its destruction. Because APC 
and Axin can each shuttle into the nucleus (Neufeld et al., 2000; 
Cong and Varmus, 2004), it will be interesting to investigate how 
they use their essential regions to repress Wnt-regulated transcrip-
tion. Another place for further analysis is the match between the 
ability of APC2 and/or Axin mutants to retain βcat in the cytoplasm, 
which we earlier showed allows APC2 to modulate downstream Wnt 
signaling and downstream transcriptional activity above and be-
yond its role in βcat destruction (Roberts et al., 2011). This potential 
mismatch was raised by the fact that AxinΔDIX still had some ability 
to retain βcat in the cytoplasm but had little or no effect on Wnt-
regulated transcription. Finally, questions remain about the precise 
domains required for Axin and/or APC2 to form puncta. When the 
proposed multimerization domains of each protein are removed 
(AxinΔDIX and APC2ΔArm), neither can restore βcat destruction 
alone. However, it remains surprising that, as previously observed 
(Schwarz-Romond et al., 2007), AxinΔDIX can still form puncta. Per-
haps it can interact with endogenous human Axin, restoring the abil-
ity to polymerize. More puzzling, when coexpressed with APC2ΔArm, 
AxinΔDIX no longer formed puncta, though this pair of constructs 
was able to largely restore βcat destruction. Our data reveal that 
they still can coimmunoprecipitate, perhaps as part of smaller, still 
functional supramolecular complexes. These data suggest that the 
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FRAP
FRAP was conducted using an Eclipse TE2000-E microscope (Nikon) 
24–72 h after transfection. Movies were taken at 1 frame/6 s for 
20 min, and bleaching was conducted for 8 s with 100% laser power. 
Movies were processed using the FRAP analyzer in ImageJ and 
GraphPad as described previously (Pronobis et al., 2015).
Reporter gene assay for Wnt-regulated transcription
The TOP/FOPflash luciferase and pRL Renilla constructs (transfec-
tion control) were gifts from Hans Clevers (Hubrecht Institute, 
Utrecht, Netherlands). The Dual Glow Luciferase System (Promega, 
Madison, WI) was used for reporter assays, following the manufac-
turer’s instructions, as previously described (Roberts et al., 2011). 
Transcriptional activity was defined as the ratio of TOPflash normal-
ized to Renilla. None of the constructs affected FOPflash values.
Protein work
Coimmunoprecipitations were conducted as described previously 
(Pronobis et al., 2015). For immunoblots, cells were lysed in 2× SDS 
buffer and incubated at 96°C for 10 min. Proteins were run on 8 or 
7% SDS gels and blotted to nitrocellulose membrane. Primary anti-
bodies were GFP (1:10,000; Abcam), γ-tubulin (1:5000; Sigma-
Aldrich), tagRFP (1:5000; Evrogen), and aPKCγ (1:2000; Santa Cruz 
Biotechnology). Secondary antibodies were horseradish peroxidase 
anti-mouse and anti-rabbit (1:50,000; Pierce).
Generating a stable SW480 cell line in which the 
endogenous truncated APC1 is knocked down
Lentiviral vectors expressing shRNAs under U6 promoters (pLVSIN- 
U6-pur) were generated by substituting the EF1α promoter of 
pLVSIN-EF1α Pur vector (TaKaRa, Japan) for the U6 promoter from 
the pSIREN-RetroQ vector (TaKaRa, Japan). The pLVSIN-U6-bsr vec-
tor was generated by substituting the puromycin (pur) resistance 
gene of the pLVSIN-U6-pur vector for the blasticidin (bsr) resistance 
gene. The target sequence of shRNA against human APC was 
5’-GGAGAAATCAACATGGCAACT-3’, and thus the 66-nucleotide 
oligonucleotide 5’-gggagaagtcagcatggtaactgtgtgctgtccagttgccat-
gttgatttctccctttttaagctt-3’ was inserted into pLVSIN-U6-bsr vectors 
to express shRNA in cells. Lentivirus was generated in HEK293T(Lenti-
X) cells (TaKaRa, Japan) using the Lentiviral High Titer Packaging 
Mix (TaKaRa, Japan). SW480 cells were infected for 24 h with virus 
in the presence of 10 mg/ml Polybrene (Santa Cruz Biotechnology), 
washed, and allowed to recover for 48 h before selection with 
20 μg/ml puromycin (InvivoGen). Knockdown was verified by im-
munoblotting. The APC KD SW480 cells were frozen after the virus 
particles were completely removed.
(Peterson-Nedry et al., 2008). It will be interesting to test whether 
and how the Chimera responds to Wnt activation. To address this 
and other questions, it will be of interest to probe function of the 
Chimera when expressed at levels similar to those of endoge-
nous APC or Axin and, in their absence, by CRISPR-based engi-
neering in either cultured mammalian cells or in vivo in Drosophila. 
This will provide the ability to assess Chimera function in the 
complete absence of APC family proteins (e.g., in APC2 APC1 
double-mutant flies) or in the absence of endogenous Axin and 
also will allow the function of the Chimera to be assessed in the 
context of cells receiving or not receiving Wnt signals. Finally, our 
experiments raise the question of why nature evolved two pro-
teins when one can suffice. The separate roles of APC proteins in 
cytoskeletal regulation (Näthke, 2006) may provide one potential 
answer.
MATERIALS AND METHODS
Constructs
Drosophila APC2 and Axin constructs were cloned using pECFP-N1 
(Clontech) as a backbone vector via Gateway (Invitrogen) as de-
scribed previously (Roberts et al., 2011; Pronobis et al., 2015). N-
terminal GFP tags (Roberts et al., 2011) and C-terminal red fluores-
cent protein tags were used (Pronobis et al., 2015). APC2 mutants 
were APC2ΔARB (amino acids [aa] 94–536 + 595–621 + 733–1068), 
APC2ARB (aa 1–494 + 536–595 + 621–733), and APC2ΔR2/B (Δ 
aa645–715); Axin mutants were AxinΔβcat (Δ aa493–531), AxinΔDIX 
(Δ aa666–746), Axinβcat-DIX (Δ aa493–746), and AxinN-term-GSK3 
(aa 1–494). The Chimera consisted of APC2’s Arm rpts (aa 1–495), 
R2, and region B (aa 621–733) linked with a 6-aa Gly-Ser-Gly linker 
to Axin’s C-terminus (aa 493–746). All other APC mutants have been 
described previously (Roberts et al., 2011, 2012; Pronobis et al., 
2015). Plasmids for transfection were prepared as in Pronobis et al. 
(2016).
Cell culture and immunofluorescence
SW480 cells were cultured in L15 medium (Corning) with 10% heat-
inactivated fetal bovine serum plus 1× penicillin/streptomycin (Life 
Technologies) at 37°C without CO2. Lipofectamine 2000 (Invitrogen) 
was used for transfections, following the manufacturer’s protocol. 
For immunostaining, cells were processed after 24 h. Immunostain-
ing was as described in Roberts et al. (2011). Primary antibody was 
βcat (1:1000; BD Transduction). Secondary antibodies were Alexa 
568 and 647 (Invitrogen, 1:1000).
Microscopy
Immunostained samples were imaged on a LSM Pascal microscope 
(Zeiss) and processed with the LSM image browser (Zeiss). SIM mi-
croscopy was carried out on the N-SIM superresolution microscope 
(Nikon) using 4% formaldehyde-fixed samples mounted in Aqua-
polymount. Images were processed using Imaris 5.5 (Bitplane), Im-
ageJ, and the LSM Image Browser.
Quantification
Maximum-intensity Z-projections of cell image stacks were gener-
ated using ImageJ. βcat fluorescence intensity was measured as 
described in Pronobis et al. (2015). In short, cells were outlined, 
mean intensity was measured, background was subtracted, and the 
βcat average intensity of a transfected cell was normalized to the 
mean βcat intensity of two or three adjacent untransfected cells. 
APC:Axin complex area and volume quantification were measured 
as described (Pronobis et al., 2015) using the ImageJ Particle Ana-
lyzer and Imaris 5.5.
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